The molecular pathways by which long chain polyunsaturated fatty acids (LCPUFA) influence skeletal health remain elusive. Both LCPUFA and parathyroid hormone type 1 receptor (PTH1R) are known to be involved in bone metabolism while any direct link between the two is yet to be established. Here we report that LCPUFA are capable of direct, PTH1R dependent activation of extracellular ligand-regulated kinases (ERK). From a wide range of fatty acids studied, varying in chain length, saturation, and position of double bonds, eicosapentaenoic (EPA) and docosahexaenoic fatty acids (DHA) caused the highest ERK phosphorylation. Moreover, EPA potentiated the effect of parathyroid hormone (PTH(1-34)) in a superagonistic manner. EPA or DHA dependent ERK phosphorylation was inhibited by the PTH1R antagonist and by knockdown of PTH1R. Inhibition of PTH1R downstream signaling molecules, protein kinases A (PKA) and C (PKC), reduced EPA and DHA dependent ERK phosphorylation indicating that fatty acids predominantly activate G-protein pathway and not the b-arrestin pathway. Using picosecond time-resolved fluorescence microscopy and a genetically engineered PTH1R sensor (PTH-CC), we detected conformational responses to EPA similar to those caused by PTH(1-34). PTH1R antagonist blocked the EPA induced conformational response of the PTH-CC. Competitive binding studies using fluorescence anisotropy technique showed that EPA and DHA competitively bind to and alter the affinity of PTH1 receptor to PTH(1-34) leading to a superagonistic response. Finally, we showed that EPA stimulates protein kinase B (Akt) phosphorylation in a PTH1R-dependent manner and affects the osteoblast survival pathway, by inhibiting glucocorticoid-induced cell death. Our findings demonstrate for the first time that LCPUFAs, EPA and DHA, can activate PTH1R receptor at nanomolar concentrations and consequently provide a putative molecular mechanism for the action of fatty acids in bone.
Introduction
As age increases, the risk of bone loss and fracture increases [1] . With the growing increase in average life expectancy, the need to develop new strategies to prevent osteoporosis and fragility fractures is greater than ever [2] . It is believed that dietary modifications and physical activity may be considered the primary targets to minimize bone loss and fragility [3] .
Parathyroid hormone (PTH) has been shown to play an important role in bone homeostasis [4] . Parathyroid hormone related protein (PTH-rP) is a vital developmental morphogen [5, 6] . PTH and PTH-rP both bind to and activate PTH/PTH-rP Receptor (PTH1R), a G-protein coupled receptor with seven transmembrane domains which is highly expressed in bone and kidney [7] . PTH1R stimulates multiple signaling cascades including the G s -cAMP-PKA [8] , G q /11-PLC-PKC [9] , and mitogen-activated protein kinases (MAPKs) leading to various biological effects including anabolic and catabolic actions in bone [10] . PTH has also been reported to stimulate phosphorylation of Akt [11] , a critical regulator of osteoblast differentiation [12] and survival [13] .
It is well documented that lipids play an important role in skeletal biology and bone health [14] . LCPUFA, best known for their cardio-protective role, can regulate bone metabolism [15, 16] and may potentially play a role in the prevention of osteoporosis. There are several biological pathways whereby polyunsaturated fatty acids may regulate bone metabolism. Fish oil, which contains large amounts of v-3 fatty acids, is suggested to modulate a number of pro-inflammatory cytokines, increase production of insulin-like growth factor-1 (IGF-1), and improve calcium accretion in bone [17] . Consequently, it has been proposed that v-3 fatty acids could prevent age-related bone loss by inhibiting osteoclastogenesis while improving osteoblast differentiation and function [18] . The effect of v-3 fatty acids on the skeleton seems to be further dependent on the two main v-3 fatty acids: EPA and DHA [19] . Long chain v-3 fatty acids cause increased bone formation in chicks and rats suggesting a stimulatory effect on osteoblast activity [20] .
In human studies, it has been shown that consuming EPA improved bone quality in elderly female subjects [21] . Consumption of v-3 fatty acids was also associated with reduced incidence and severity of inflammatory bone/joint diseases in humans [22] . There is evidence of the potential of EPA to counteract bone loss associated with spaceflight; higher consumption of fish (v-3) was associated with reduced loss of bone mineral density (BMD) after flight [23] . BMD of the total body showed a significant negative correlation with serum concentrations of oleic acids and monounsaturated fatty acids and significant correlations with DHA and v-3 fatty acids [24] . A higher ratio of v-6 to v-3 fatty acids is associated with lower BMD at the hip in both sexes suggesting the relative amounts of dietary PUFA may play a vital role in preserving skeletal integrity in older age [25] .
Studies on LCPUFA and CLA (conjugated linoleic acid) in laboratory animals suggest that dietary intakes of different PUFAs and CLA can affect bone remodeling through biosynthesis of prostaglandins and insulin-like growth factors [14] . Dietary supplementation with v-3 polyunsaturated rich oils has been linked to increased calcium balance and bone formation rate during growth [26] as well as improved maintenance of bone mass post-ovariectomy [27] . Both DHA and total v-3 PUFA strongly correlate with bone mineral content (BMC) in the femur of growing rats [28] . Reduced bone mineral loss was observed in ovariectomized rats supplemented with EPA [20] .
The venous blood concentration of fatty acids is known to vary from 250 mM to 3 mM depending on the nutritional state [29] ; most of these fatty acids are bound to serum albumin while a small percent is unbound in the plasma. The amounts incorporated into plasma membranes (PM) of cells can be enhanced by up to 10 times through dietary supplements enriched in LC-PUFA [30] [31] [32] . Further examination of blood fatty acid composition reported that roughly 5.3% of total serum fatty acids are LC-PUFA (2.4% docosahexaenoic (DHA), 1.8% eicosapentaenoic (EPA), 1% docosapentaenoic (DPA)) [33] ; similar fatty acid concentration/ composition has been reported in mice [34, 35] . Albumin concentration in interstitial fluid [36, 37] is at ,27% of plasma levels; therefore concentrations of EPA and DHA in interstitial fluid are expected to be ,1.7 mM and ,1.3 mM, respectively, based on the composition of fatty acids in the serum of mice on fatty acid diets [38] and the total amount of fatty acids in serum [39] .
Fatty acids have been shown to activate certain GPCRs [40] , alter a variety of membrane-mediated cellular functions including platelet aggregation [41] and membrane-bound enzyme activity [42] . These observations along with established effects of fatty acids on BMD provide a strong rationale for the study of the signal transduction pathway of LCPUFA.
To gain insights into the mechanism by which LCPUFA influence bone cells, we have chosen to primarily study activation of the MAPK/ERK pathway via PTH1R, which is known to have an important role in bone remodeling. In this study we test if LCPUFA can: activate the ERKs via PTH1R, modulate PTH hormone signaling, bind to, cause conformational changes and activate PTH1R. Additionally we aimed to determine if (1) a PTH1R antagonist or knockdown of PTH1R is able block PTH1R mediated activation of EPA; (2) if activation of the ERK cascade by LCPUFA is PKA and PKC-dependent; and (3) if LCPUFA play a similar biological survival role as PTH in osteoblasts by examining effects of LCPUFA on Akt phosphorylation and cell survival.
Results

Fatty acid induced ERK phosphorylation in MC3T3-E1 and HEK293 cells transfected with PTH1R
To examine fatty acid activation of the ERK1/2 cascade via PTH1 receptor, we treated PTH1R transfected Human embryonic kidney 293 (HEK293) and Murine calvarial preosteoblast (MC3T3-E1) cells with distinct fatty acids for 5 minutes as shown on Fig. 1 . Untransfected cells were also treated with fatty acids as a control (HEK293 do not express endogenous PTH1R [43, 44] , whereas differentiated MC3T3-E1 cells do express endogenous PTH1R [45] ). In untransfected HEK293 cells, no significant increase in ERK1/2 phosphorylation was found compared to nontreated cells ( Fig. 1A ; lower panel), indicating that ERK1/2 activation was mediated through the PTH1 receptor. Although untransfected cells were used as controls, transfection with the empty plasmid alone does not alter the ERK phosphorylation levels in HEK293 and MC3T3 cells (Fig. S1) . To exclude the possibility that LCPUFA metabolites are activating the ERK pathway, we treated PTH1R transfected HEK293 cells with EPA or DHA for 15 seconds (Fig. 1B) . The short treatment also significantly increased ERK1/2 phosphorylation but to a lower magnitude than after the 5 minute treatment; reduced activation was also observed for the PTH treated cells suggesting that the lower ERK activation after the 15 second treatment is due to the intrinsic time scale needed for activation of ERK and not due to the finite production rate of LCPUFA metabolites. Furthermore, the majority of fatty acids have been reported to remain in the plasma membrane after 10 minutes [46] while the LCPUFA metabolizing enzyme, cyclooxygenase is localized in the endoplasmic reticulum [47] making it unlikely that the LCPUFAs metabolites are activating PTH1R in our experiments (in cells, the prostaglandin production rate from EPA is of 4 to 5 hours [48] , whereas in vitro the cyclooxygenase reaction kinetics with EPA at nanomolar concentrations is expected to be ,7 minutes [49] ). Differentiated MC3T3-E1 cells also showed a significant response to PTH, EPA, and DHA due to the presence of endogenous PTH1 receptors (Fig. 1C) ; as expected transfected MC3T3-E1 cells showed even higher response to PTH, EPA and DHA. Note that basal ERK phosphorylation was also increased in the transfected MC3T3-E1 cells due to the higher levels of PTH1 receptor intrinsic constitutive activity and its susceptibility to mechanical perturbation [50] upon handling of the cells. In comparison to the diverse number of fatty acids tested (see Fig. 1A (Fig. 2C) . The antagonist did not significantly affect the maximum possible effect (E max ) for EPA and did not detectably affect ERK phosphorylation in the absence of the agonist ( Fig. 2A,C) . The Schild slope was 1.160.03 (Fig. 2D) 
EPA potentiates the effect of PTH
We have further analyzed the effects of EPA on the ability of the cognate ligand, PTH , to induce ERK1/2 phosphorylation. Figure 3A shows PTH(1-34) dose response curves in the presence of various concentrations of EPA; presented data indicate that (i) the EC50 shifts to lower values at higher EPA concentrations; (ii) the dose response curves are shifted up due to underlying direct EPA-induced stimulation of ERK1/2 at a given EPA concentration; (iii) E max is maximal (at ,18) at 100 nM and decreases at larger EPA concentrations; and (iv) E max in the presence of EPA is significantly larger than that of PTH(1-34) alone (,3.5). Our results clearly suggest that EPA potentiates the effect of PTH (1-34) i.e. the cognate ligand PTH(1-34) becomes a superagonist in the presence of EPA (and vice versa). We performed formal synergy analysis using the combination index (CI) approach [52, 53] as described in the Materials and Methods. As the PTH(1-34) and EPA concentrations approach a 1:1 molar ratio, starting at the fractional effect (f a ) of 0.75 (i.e. activation of ERK cascade at 75%) and higher, the CI value decreases below 1 indicating synergism [52, 53] (Fig. 3B) . Moreover, when the f a is at 0.9 (which in our experimental data set happens to be when both PTH and EPA are at a 1:1 molar ratio) the CI value is 0.0225 indicating very strong synergism [53] . When the f a values are below 0.75 (Fig. 3B ), the EPA concentration is 100 fold greater than that of PTH leading to inhibition of PTH binding (see below) and elimination of synergistic effect as a manifested in higher CI value [53] . In contrast, no superagonistic effect is observed in HEK293 cells transfected with PTH1R in response to PTH and 1 mM of the v-6 Linoleic Acid (Fig. 3C ). This superagonistic effect is also seen in MC3T3-E1 cells expressing the endogenous PTH1R receptor (Fig. 3D ) since PTH(1-34) is able to significantly increase the response even in the presence of 1 mM of EPA. Data presented in Fig. 3A also show that the relative effect of PTH(1-34) on ERK1/ 2 phosphorylation (i.e. the relative change in pERK/ERK ratio at saturating PTH(1-34) concentration relative to the baseline value in the absence of PTH(1-34)) does exhibit progressive decrease with increase in EPA concentration (due to displacement of PTH by EPA at higher concentrations, see below).
PKA and PKC inhibitors block EPA induced activation of the ERK cascade
To gain insight into the ERK activation cascade mechanism, we pre-incubated PTH1R transfected HEK293 cells with either 20 mM of PKA inhibitor, H-89 [54] , 2.5 mM of PKC inhibitor, GF109203X [54] , or both for 15 minutes prior to agonist treatment; these concentrations have been previously shown to be effective [54] in enabling discrimination between the b-arrestin and G protein-dependent signaling pathway. First we verified that H-89 and GF109203X were able to significantly inhibit PTH(1-34) induced ERK phosphorylation both individually and in combination (Fig. 4A) . Both GF109203X and H-89 were able to significantly inhibit EPA and DHA induced ERK phosphorylation (Fig. 4B-C ). GF109203X however, was able to inhibit ERK phosphorylation of cells treated with EPA or DHA with a higher potency compared to H-89 at the concentrations used with no additive effect when both inhibitors were used simultaneously (As expected, the PKA and PKC inhibitors were able to decrease the intrinsic activity caused by increased levels of PTH1R (Fig. 4D) ).
Detection of PTH-CC conformational change with EPA
To test if EPA induces a PTH1R conformational change, we used the previously constructed and characterized PTH1R FRET sensor, PTH-CC, containing an intramolecular FRET pair that enables detection of conformational activity upon ligand stimulation [50] . In the presence of EPA, a decrease in the FRET ratio was observed; whereas EPA treatment of HEK293 cells expressing the control FRET sensor (PM-CC) or treatment of PTH-CC with Linoleic Acid had no effect on the FRET ratio (Fig. 5) . Preincubation of the PTH-CC transfected HEK293 cells with the selective PTH1R antagonist, [Nle 8, 18 , Tyr 34 ]PTH(3-34) amide, blocked the conformational response of the PTH1 receptor to EPA. Although GPCR FRET constructs of this type have been shown to have a reduced efficacy of cognate ligands in stimulating conformational changes due to the insertion of the fluorescing proteins into the native receptor structure [50, 55] , we were able to observe significant FRET response to LCPUFA. To further characterize the association between the fatty acids and the PTH1 receptor, we used the PTH TMR fluorescent ligand, where a TMR fluorophore was linked to the lysine side chain (at position 13) of PTH(1-34) as described earlier [56] . Competitive binding experiments using fluorescent anisotropy technique [57] showed that the affinity of PTH(1-34) TMR (K i = 4.6664 nM) was close to that of PTH(1-34) for PTH1 receptor (K i = 2.460.1 nM) [56] (Fig. S2 ; Table 1 ).
To determine the affinity of EPA and DHA to PTH1R, fluorescent ligand, PTH TMR , at a concentration of 2 nM per well in DPBS was incubated with human PTH1 receptor membrane fractions for four hours at room temperature in the presence of varying concentrations of EPA and DHA. The incubation time we used was based on previous studies in membrane fractions [58] where the dissociation time (t K = ,230 min) of radiolabeled PTH(1-34) was determined . Fluorescent anisotropy was measured using TECAN GENios Pro plate reader. A competitive displacement curve was generated using EPA or DHA as the competitive ligand ( Fig. 6A-B) . ChenPrusoff equation [59] was used to convert the obtained IC 50 to K i values (Table 1) . Both EPA and DHA were able to competitively bind to PTH1 receptor in a dose dependent manner with a K i of 0.6960.25 nM and 0.7660.1 nM respectively.
PTH1R antagonist blocks EPA-induced activation of the Akt pathway
To test if LCPUFA similarly to PTH, can modulate biological survival pathway in osteoblasts [11] , we characterized changes in Akt phosphorylation in MC3T3 cells treated with EPA. Figure 7A demonstrates an increase in Akt phosphorylation following a 5 minute treatment with EPA. To test if this effect was due to direct PTH1R activation, we pretreated the cells with the selective [Leu 11 , D-Trp 12 ]-PTH-RP (7-34) antagonist which lead to a significant reduction EPA-induced Akt phosphorylation.
PTH1R antagonist blocks EPA-induced osteoblast survival
To investigate if EPA-dependent PTH1R activation has a direct biological effect, we investigated cell survival. Treatment of MC3T3 cells with glucocorticoid, dexamethasone (Dex), induces apoptotic cell death as indicated by an increase in trypan blue staining (Fig. 7B) , similarly as reported earlier [60] . Previous reports indicated that the percentage of apoptotic cells determined by trypan blue staining corresponded to that determined by TUNEL staining [61] with at least 90% of trypan blue-stained cells also exhibiting TUNEL labeling [60] . The pro-apoptotic death effect of dexamethasone was attenuated by addition of 10 nM PTH(1-34) as previously reported [60] and by the addition of 1 mM of EPA or DHA. To verify that this effect was specific to PTH1R activation, we pretreated the cells with the selective siPTH1R blocks EPA and DHA induced activation of the ERK cascade
To confirm that LCPUFA induced ERK phosphorylation is unique for and dependent on the PTH1 receptor in differentiated MC3T3 cells, PTH1R was knocked down by siRNA and the effect of LCPUFA were analyzed. MC3T3s were tranfected with 100 nM siPTH1R or scrambled control siRNA for 96 hours prior to treatment. The cells were then treated with either 10 nM PTH(1-34), 1 mM EPA or 1 mM DHA for five minutes. siPTH1R transfected cells had a significant decrease in ERK phosphorylation when treated with PTH, EPA, or DHA compared to the scrambled siRNA transfected cells (Fig. 8) .
Discussion
The results presented in this study indicate that LCPUFA, EPA or DHA, can act as an agonist to the PTH1 receptor at nanomolar concentrations. Our data suggest that the mechanism of activation of PTH1R by EPA involves: binding to the PTH1 receptor, inducing a conformational change similar to that of its cognate ligand (PTH (1-34)) , and activation of G protein downstream effectors, PKA and PKC, that ultimately lead to ERK phosphorylation.
Although our primary focus in this study was EPA, which caused the greatest ERK phosphorylation response via PTH1R, DHA and other LCPUFA, both n-3 and n-6, also caused a significant ERK phosphorylation response with somewhat lower potency. To decipher a possible trend in fatty acid induced ERK activation via PTH1R, we tested fatty acids with different carbon lengths and double bond number. Our data presented in Fig. 1 suggest that the length of the fatty acid and the number of carbon chains play a role in PTH1R activation with the exception of docosapentaenoic fatty acid (DPA, 22:5; n-3). More specifically, our data suggest PTH1R activation requires fatty acids to have an alkyl chain length of no less than 20 carbons with 3 or more double bonds. These results are consistent with other studies in which specific GPCRs have been shown to become activated by length dependent fatty acids [40, [62] [63] [64] . Several GPCRs have been reported to respond to fatty acids [64, 65] . We have performed dual comparison analysis of PTH1R and the FFA1, FFA2, FFA3, GPR119, and GPR120 fatty acid receptors using the basic local alignment search tool (BLAST). Not one of these receptors had a significant E value (number of matches with same score expected by chance).
The selective PTH1R antagonist or knockdown of PTH1R strongly inhibits the response to EPA or DHA ( Fig. 2A,B; 5; 8) . To gain further insight into EPA interaction with PTH1R, we were able to produce a rightward-shift of the EPA agonist concentration-dependence curve using a known PTH1R antagonist. This shift had a Schild plot slope of unity and the PTH1R antagonist did not seem to affect the maximal stimulation produced by EPA (Fig. 2C,D ]-PTH-RP (7-34) appears to be a pure antagonist to EPA within the detection limits of the assays used.
It has been shown that PTH1R can stimulate ERK1/2 through several distinct signal transduction pathways: a G protein dependent pathway mediated by PKA and PKC and a G protein independent pathway mediated through b-arrestin [54] . The ability of PKA and PKC inhibitors to block EPA and DHA dependent ERK phosphorylation (Fig. 4) suggests that EPA or DHA dependent ERK phosphorylation proceeds predominantly via G s and G q pathways and not through b-arrestin pathway.
Analysis of the presented FRET data (Fig. 5) indicates that EPA treated PTH1R FRET sensor undergoes a similar conformational change (negative change in FRET ratio) as in response to stimulation with its cognate ligand PTH(1-34) [50] . However, the E max of fatty acids on ERK1/2 phosphorylation was somewhat lower as compared to PTH(1-34) (Fig. 1, Fig. 2A ) suggesting that the binding of fatty acids stabilize receptor in a state that is different from the one stimulated by the PTH (1-34) .
Although in the case of PTH(1-34), intermittent treatment favors bone anabolism and continuous treatment induces the opposite pattern [66] , a similar profile has not yet been reported for EPA or other LCPUFAs. EPA can also stimulate other GPCRs that serve other functions. For example, Grp120, a GPCR that binds EPA, mediates potent anti-inflammatory and insulin sensitizing effects [67] . In this study, we primarily focused on PTH1R dependent activation of ERK cascades. ERK is a part of the MAPK signaling component that has been shown to favor osteoblastic cell proliferation and differentiation through transcriptional regulation as well as alkaline phosphatase activity and mineralization [68, 69] . Moreover, PTH1R activation has been shown to lead to an increase in bone formation by prevention of osteoblast apoptosis [60] .
Analysis of the presented fluorescence anisotropy data (Fig. 6A-B and Supplementary Information, Fig. S1 online) suggest that EPA and DHA bind to PTH1 receptor in a competitive dosedependent manner and modulate the affinity of the receptor to its cognate ligand, parathyroid hormone. However, the best hill-fit results in a higher hill coefficient for EPA (1.360.6) and DHA (1.560.4) as compared to PTH(1-34) (0.6360.1) indicating that a different binding mechanism is involved in fatty acid binding compared to PTH (1-34) . One potential explanation is that the larger hill coefficient suggests a higher degree of cooperativity in fatty acid binding process to PTH1 receptor, further supporting the allosteric nature of the interaction. The fact that rather different fatty acids are able to induce PTH1R signaling (Fig. 1) and competitively displace PTH (Fig. 6) suggests that PTH1R receptor may have multiple binding sites that can modulate orthosteric binding site through allosteric interactions or it could respond to changes in lipid bilayer properties induced by LCPUFA. The involvement of allosteric interactions is further supported by superagonistic effect of EPA shown in Fig. 3 . Note that the observed decrease of E max at higher EPA concentrations (.100 nM) (Fig. 3) is due to the fact that at higher concentrations, EPA starts to displace PTH(1-34) (as shown in Fig. 6A ) leading to reduction in maximal effect caused by PTH (1-34) ; i.e. maximal superagonism is observed at intermediate EPA concentrations. More detailed investigations will be needed to determine the exact binding sites on the receptor and establish the mechanism by which fatty acids interact with and stimulate PTH1R. ]PTH-rP(7-34) for 30 minutes followed by exposure to 1 mM of LCPUFA or 10 nM of PTH for 1 hour. Dead cells were enumerated by trypan blue staining. Data represents the mean of at least 6 independent samples. doi:10.1371/journal.pone.0052583.g007
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LCPUFAs had similar biological effects as PTH on the Akt and cell survival pathway [11] . It had been shown that glucocorticoidinduced osteoblast apoptosis is mediated by suppression of Akt phosphorylation which can be blocked by PTH [11, 70] . We showed that pretreatment with EPA leads to an increase in PTH1R-dependent Akt phosphorylation. Furthermore, similarly to PTH [11] , we showed that LCPUFA were able to significantly inhibit the dexamethasone-induced apoptosis of osteoblastic cells.
The present study reveals the significant effects of fatty acids on PTH1R signaling. In combination, our current findings, numerous previous reports on the importance of PTH signaling on bone homeostasis and the fact that free circulating LCPUFA are present in blood at concentrations used in this study clearly calls for more detailed studies of the role of LCPUFA on PTH pathway both in in-vitro and in-vivo models as it may contribute to development of alternative approaches for treatments of bone diseases such a osteoporosis.
In conclusion, we have identified novel PTH1 receptor agonists, EPA and DHA, which are able to induce PTH1R response with K i values (0.6960.25 nM and 0.5460.25 nM, respectively) similar to cognate agonist PTH(1-34) (,2.4 nM). Furthermore, we show that other LCPUFAs are also able to activate PTH1 receptor at concentrations of fatty acids typically found in blood. Analysis of the signaling cascade suggest EPA and DHA actions are mediated through PKA and PKC which are known to be downstream signaling molecules of G s and G q pathways coupled to PTH1 receptor. The Schild analysis and competitive binding studies suggest that EPA and DHA competitively bind to the PTH1 receptor and EPA acts synergistically with PTH(1-34) causing superagonistic response of ERK1/2. The Akt and cell survival analysis suggests that EPA and DHA may affect osteoblast turnover both by directly activating PTH1R and by modulating the potency of endogenous PTH. In combination, these data provide a molecular basis for the involvement of the PTH1 receptor in mediation of LCPUFAs anabolic effects in bone.
Furthermore we believe our study is a starting point for more detailed studies of interactions between fatty acids and other types of GPCRs and more detail understanding of known beneficial effects of fatty acids on human health.
Materials and Methods
Cell culture, transfection, and chemicals HEK293 (American Type Tissue Collection, passages 2-10) cells were grown in DMEM media (Invitrogen, Carlsbad, CA, USA) containing 4.5 g/L D-Glucose and transfected using Targefect-293 (Targeting Systems, Santee, CA, USA). MC3T3-E1 (from American Type Tissue Collection, passages 2-6) cells were cultured in Ascorbic Acid(AA)-free a-modified Eagle's medium (Invitrogen, Carsbad, CA, USA) containing 10% FBS. Differentiation was induced by addition of 50 mg/mL AA. Cells were grown to confluence and treated for 10 days in AAcontaining medium. Xfect (Clontech, Mountain View, CA, USA) was used for transfection of MC3T3-E1 cells. Human PTH (1-34 Dexamethasone was purchased by Sigma-Aldrich (St. Louis, MO, USA). siRNAs specific for murine PTH1R (1027416) were purchased from Qiagen. Adrenic Acid 22:4 (n-6) was purchased from Enzo (Plymouth Meeting, PA, USA). Docosahexaenoic Acid 22:6 (n-3) and Eicosapentaenoic Acid 20:5 (n-3) were obtained from Cayman Chemical (Ann Arbor, MI, USA). Dihomo-gammaLinolenic acid 20:3 (n-6), Docosadienoic Acid 22:2 (n-6; Nu-ChekPrep, Elysian, MN), Docosapentaenoic Acid 22:5 (n-3), Docosapentaenoic Acid 22:5 (n-6), and Eicosatrienoic Acid 20:3 (n-3) were purchased from Nu-Chek-Prep (Elysian, MN, USA). Arachidonic Acid 20:4 (n-6), Conjugated Linoleic Acid 18:2 (n-6/7), and Eicosadienoic Acid 20:2 (n-6), were purchased from Matreya (Pleasant Gap, PA, USA) Linoleic Acid 18:2 (n-6), Oleic Acid 18:1 (n-9), and Stearic Acid 18:0 were purchased from Sigma-Aldrich (St. Louis, MO, USA). GF109203X and H-89 were purchased from Enzo (Plymouth Meeting, PA, USA).
Fatty Acid, PKA and PKC inhibitor Treatment
To examine fatty acid dependent ERK phosphorylation, both MC3T3-E1 and HEK293 cells transfected with PTH1R were treated with various fatty acids containing 0.1% Ethanol and 3.5610 
Plasma membrane localized FRET sensor (PM-CC)
A control FRET sensor that is localized to the plasma membrane of cells (PM-CC) was constructed as previously described [50] . The construct PM-CC encodes a protein that is comprised of Citrine and Cerulean linked together with a short and flexible GGGGPV (ProVal to encode Age1 restriction site) linker peptide to ensure Förster resonance energy transfer between the two fluorescent proteins, and is fused to another 10 residue leader peptide MGCINSKRKD to direct its translocation to plasma membrane [71] .
PTH1R FRET sensor (PTH-CC)
PTH-CC was constructed and characterized in our previous study as described [50] . In the resultant construct of PTH1R FRET sensor (PTH-CC), the third intracellular loop has the sequence of ATKLRETNAA-Citrine-SCDTRQQYRKLLKST (underlined residues are altered ones to encode restriction sites in the DNA sequences), replacing PTH1R's ATKLRET-NAGRCDTRQQYRKLLKST (underlined are the 2 residues where Citrine is inserted in between), and has cytoplasmic COOH terminus fused to Cerulean at residue Ser495 of PTH1R with insertion of two extra residues encoding Pro-Val to accommodate an Age1 restriction site. The sequences of all constructs were confirmed by sequencing service.
FRET measurements
FRET measurements in single living cells, 24 hours after being transfected, were performed using multichannel time resolved single photon counting as previously described [50, 72] . Briefly, fluorescence emission kinetics and spectra were measured by using a multichannel, time-correlated single photon counting spectrograph (PML-16/SPC630; Becker & Hickl, Berlin, Germany) coupled to an inverted microscope (Axiovert 200 M; Zeiss, Thornwood, NY) via fiber optic link. A femtosecond Ti:Sapphire oscillator (Spectra-Physics, Irvine, CA, USA) was used as the excitation source. The repetition frequency of the light pulses from the oscillator was reduced to 8 MHz and the wavelength was doubled to 435 nm. The excitation light was defocused to a spot size of 20-50 mm to enable spatially homogenous excitation of a single cell. Single cell fluorescence spectra were obtained by integrating time-resolved fluorescence data. Presented data were recorded by detecting fluorescence emission polarized at the magic angle (54.7u) to the polarization of the excitation light at 435 nm to reduce contributions from potential reorientation of the sensor in the plasma membrane under shear stress. FRET ratio was defined as ratio of Citrine emission intensity at ,525 nm to Cerulean emission intensity at 475 nm. Duration FRET measurements were kept to a minimum to prevent photobleaching.
Western blot analysis
Both MC3T3-E1 and HEK293 cells were washed with ice cold DPBS, collected, and lysed in lysis buffer containing 50 mM TrisHCl, 135 mM NaCl, 60 mM n-octyl beta-D-glucopyranoside (EMD Chemicals, Gibbstown, NJ, USA), protease inhibitor cocktail, and phospahtase inhibitor cocktail (Roche, Basel, Switzerland) for 30 minutes on ice. SDS sample buffer was added to the lysate and incubated at 95uC for 5 min. Cell extracts were resolved by SDS-PAGE and transferred to polyvinylidine difluoride (PVDF) membranes. Blots were probed with antiphospho-p44/42 MAPK (Erk1/2 rabbit polyclonal), anti-p44/42 MAPK (Erk1/2 rabbit polyclonal), and anti-phopho-Akt (S473; Cell Signaling Technology, Beverly, MA, USA). Beta-tubulin (H-235) was from Santa Cruz Biotechnology. Immunoreactive bands were detected with the appropriate horseradish peroxidaseconjugated secondary antibodies (anti-rabbit; Cell Signaling Technology, Beverly, MA, USA, 7074) and visualized by enhanced chemiluminescence (Thermo Scientific, Rockford, IL, USA). The band intensities were measured by densitometry analysis using Image J (NIH, Bethesda, MD, USA) and the change in phosphorylated ERK in both cell lines was calculated as the pERK/ERK ratio. The change in phosphorylated Akt was calculated as the pAkt/beta-tubulin ratio.
Preparation of cell membranes
Membrane fractions were prepared using confluent monolayers of HEK293 cells transfected with PTH1R in 10-cm plates. Cells were lifted and centrifuged at 1000 g for 5 minutes. Cell pellet was resuspended in 1 mL DPBS with protease inhibitor cocktail (Roche, Basel, Switzerland) and 0.5 mm Zirconia/Silica Beads (BioSpec Products, Bartlesville, OK, USA). The sample was homogenized by vortexing at 4uC for 10 minutes. The homogenate was then centrifuged at 1000 g for 5 minutes to remove unbroken cells and larger debris. The supernatant was centrifuged at 50,000 g at 4uC for 60 minutes (Beckman L-80 ultracentrifuge, SW-56 rotor) and the pellet resuspended in DPBS. Cell membrane fractions were stored at 280uC.
Fluorescence Anisotropy
Fluorescence anisotropy was measured on TECAN GENios Pro (Tecan Group Ltd. Mä nnedorf, Switzerland) according to the equation, r~I DD { GI\ IDD z2 GI\ , where IDD is the parallel emission and I\ is the perpendicular emission with respect to the excitation and G is the calibration factor for the plate reader. Spectral filters, polarizers, and dichroic mirrors were either factory supplied or obtained from CVI Melles Griot (Carlsbad, CA, USA). Excitation filter 527 nm65 nm, emission filter 600 nm620 nm, and dichroic-2 mirror. The measurements were recorded using 25 excitation flashes with a 40 ms integration time in black flat bottom 96-well plates (Greiner Bio-One, Monroe, NC, USA). In order to have a consistent surface tension and reduce the effect of increased peptide concentration on the meniscus in each well, the plates were blocked with 10% non-fat milk for 2 hours and washed with DPBS prior to start of assay. Total assay volume was 150 mL, obtained by the sequential addition of 80 mL of buffer (DPBS), 5 mL of membrane preparation, 15 mL of competitive displacing ligand, and 50 mL of fluorescent tracer PTH TMR .
Determination of osteoblast cell death
Cell death was quantified after combining nonadherent and adherent cells released from the culture dish using trypsin-EDTA. Cells were resuspended in phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) prior to analysis. For determination of dead cells by dye exclusion, 0.4% Trypan Blue (Sigma-Aldrich St. Louis, MO, USA) was added, and the percentage of cells exhibiting both nuclear and cytoplasmic trypan blue staining was determined using a hemocytometer. A minimum of 100 cells were counted.
Statistical analyses
Statistical significance was evaluated for differences between groups from at least three independent experiments using Student's t-test. A p value of ,0.05 was considered to be statistically significant. Calculations of the mean, standard error of the mean,and Student's t-test were performed using Microsoft Excel and OriginPro (OriginLab Co., Northampton, MA).
Combination Index analysis
Synergy was characterized using combination index [53] 1-34) or EPA. In the denominator, (D x ) is for D PTH alone and (D x ) EPA is for D EPA alone that can activate the ERK pathway to the factional effect x. In the numerator, (D) PTH +(D) PTH is a given combination of PTH and EPA that activates the ERK pathway to the same fractional effect x. Concentration values were obtained using data from Figure 2C and Figure 3A and utilizing synergy analysis methods of Chou and Talalay [52] . Figure S1 pERK levels in HEK393 and MC3T3 untransfected or transfected with the empty plasmid pcDNA3.1. Data represents mean 6 SEM of at least 3 independent experiments. (DOCX) Figure S2 Fluorescence anisotropy of PTH1R membranes labeled with nM PTH TMR as function of PTH(1-34) concentration after 4 hours incubation at room temperature. Data represents mean 6 SEM of at least 15 independent experiments. (DOCX)
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